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Abstract 

We use the method of QCD sum rules in the presence of an ex- 
ternal pion field to investigate isospin symmetry breakings in pion- 
nucleon couplings. Possible manifestations of such isospin symme- 
try breaking are examined in the context of low-energy nucleon- 
nucleon (NN) scattering. We discuss numerical results in relation 
to both the existing data and other theoretical predictions. 
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1 



I. Introduction 



Isospin symmetry and its possible violations constitute an integral part of nuclear physics 
not only in the sense that good symmetry offers an effective classification of nuclear 
or hadronic structure but also in the proximity of the isospin symmetry concept to other 
fundamental ideas such as chiral symmetry. In general, isospin symmetry breaking effects 
observed in nuclear physics may arise from different sources such as, in addition to the well 
known electromagnetic interactions, strong interactions but augmented with hadron mass 
differences (such as the n — p ot — mass difference) or with different meson-nucleon 
couplings (such as non- universal tcNN couplings) or with isospin mixings (such as p — or 
TT — 1] mixing). Determination of isospin symmetry breaking effects requires information 
on quantities which may not be directly accessible from experiments, such as the meson- 
nucleon couplings or the isospin mixing parameters. Accordingly, reliable theoretical 
predictions become indispensible for advancing our understanding of the problem. 

Unfortunately, it appears that a quantitative treatment of isospin symmetry breakings 
may involve the capability of treating strong interactions at a quantitative level or, in 
other words, the ability to handle the complications due to quantum chromodynamics 
(QCD) in a reliable manner. To some extent, the method of QCD sum rules, as proposed 
originally by Shifman, Vainshtein, and Zakharov and adopted, or extended, by many 
others 0, |^, 0], incorporates the nonperturbative QCD effects through various condensates 
(associated with the nontrivial QCD vacuum), thereby offering some hope of being able 
to treat strong interactions in a quantitative manner. 

In this work, we wish to focus on the determination of isospin symmetry breakings in 
pion-nucleon couplings, with some emphasis on possible manifestations of such symmetry 
breaking in nucleon-nucleon scattering. As the present effort is based primarily on the 
method of QCD sum rules, it differs much from the quark-model calculations [0, ^; as we 
shall see, this work is considerably more extensive than a recent work also making use 
of the QCD sum rule method. Specifically, we wish to adopt a method in which the pion 
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field vr is treated as the external field. The idea of treating the pion as an external field 
was first suggested in |^ and has not been used in any extensive manner until recently 



II. Isospin Symmetry Breakings in Pion-Nucleon Couplings 

In the method of QCD sum rules in the presence of an external field, we attempt to 
evaluate, both at the quark and hadron levels, the correlation function specified by 

n(p) = I J d''xe'P-^{0\T{r]p{x)vp{0)\0) U, (1) 

where we have 

By evaluating the appropriate correlation function in the presence of the external pion 
field, we may determine the pion-nucleon couplings g-jr^pp, gnOnn, and g-^+pn- An alternative 
method is to evaluate correlation funtions with T product of currents sandwiched between 
the vacuum and the one-pion state, as first suggested by [l^ and recently adopted by 



some authors [|T^. It appears that the induced condensates involved in the external field 
method are now well understood and it becomes relatively straightforward to perform 
calculations to higher dimensions (as required for reliable predictions). This is what we 
choose to use in this paper and we use it to obtain isospin symmetry breakings in nNN 
couplings. 

The above correlation function allows us to determine the Ti^pp coupling. At the quark 
level, we have 

(0|Tr^p(x)r/p(0)|0).o = 2ie'^V''^'Tr{^f (x)7.C[^r'(^)]'^C^74 757/.^f (^)7.75. (3) 
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Here the quark propagator is given by 

S(x)^S^'\x) + S^^\x), (4) 

with 

is^'^'^x) = + ^^gcG^M'^'x + xan - '-^m 

+ '-^{g.qa ■Gq)-^ + ^^G;^a^'^ H-x^) (5) 
-^JiS^^.^' H-^") + - ^.im,{gAa ■ Gq)5^'x^ , 

and 

^ -^5,r • 7f75 + '-^g,T ■ Tf^.Xm 

-m<9gr-^75{qq)x^ + ^gcggf ■ TT-f^^G'^^.a'"' \n{~x^) (6) 
-^S^9q^ ■ ^'y5{gcG^)x^ ln{-x^) - ^gqf-7r'y5{qq)x, 

where we have introduced x = x^j^^^, < 'ip{0)i^^T^ip{0) >= gqX^^ < qq >, and < 
'ip{0)i^^T^ QcCr ■ Gip{0) >= Qqin^T^ < qq > with ip the isospin doublet consisting of u 
and d quarks. The various terms in the quark propog ators iS^'^'^^'^ix) and i,?^^)"* (x) may 
be represented pictorially by the diagrams shown in Figs. 1 and 2, respectively. We wish 
to stress that wc have in fact performed our calculations in momentum space especially 
when ambiguities arise and, in addition, special attention has been directed to adoption 
of the 75 in d— dimensions in relation to dimensional regularization. 

To incorporate isospin symmetry violations, we note that < qq > appearing in the 
quark propagator needs to be interpreted properly; in particular, it is to be understood as 
< uu > in the (uu) channel, or as < dd > in the (dd) channel, or as {< uu > + < dd >) /2 
for the {d u) or {u d) propagation. We also note that Fig. 2(f) has been drawn 
in a way to indicate that the choice of g in < gg > should follow the flavor of the quark 
connecting to x = (on the right hand side of the diagram) — a result following usage 
of the equation of motion. No potential ambiguity should arise for all the other diagrams 
shown in Figs. 1 and 2. The assumption has also been made that, once we have made 
the suitable interpretation of < gg >, % and rriQ are considered to be universal. In other 
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words, we refrain from introducing, at the quark level, further unknown sources for isospin 
symmetry violations; our assumption regarding the universal nature of the susceptibilities 
X and uIq is further supported by the derivation of induced condensates as illustrated in 



III . This is a crucial point since the terms in x < mm > and xdd > turn out to be one of 



the most important contributions which distinguish the coupling g^^Opp from g-^o^n- 
We note that, for the determination of T^~pn or 7r"*"np coupling, we find 

{^)\Ti^p{x)Um).- = -4ie'^'"=6'^'^''='7,75^r»7.C[^f (x)]^C7,5r'(^)757.. (7) 

We note the absence of iS'^'^\x) in the present case, due to a change in the electric charge. 
We also note that the structure (which does not involve the trace of some product) seems 
quite different from the ir^pp case, but we will see that isospin symmetry is indeed there 
should we assume = and < uu >=< dd >. Finally, to obtain QCD sum rules up 
to dimension eight (as compared to the leading perturbative term), we need to enumerate 
diagrams which are proportional to 1, x{qi)^ {glG"^)^ "^o(^9')' {M)"^^ {^l){gc<i(^ ■ Gq), 
mq{qq), and mq{qgc<7 ■ Gq). Here it is clearly of importance to be able to distinguish 
between < dOd > and < uOu > in the quark propagators used to evaluate the correlation 
functions. 

On the other hand, we may parametrize the correlation functions at the hadronic level 
in the standard manner. 



/ 



d^x{0\Tr]p{x)T]40)\0) U-= XnXp- (-75^2^.-^^)^ + ■ ■ ■ , (8) 

p — nip p — nin 



rf*x(0|Tr7p(a;)?7p(0)|0) |^o= A^^— h A^— (-755'7r0pp)^-^^ \ • (9) 

' p — nip ^p — nip p — TUp 

We consider the various diagrams shown in Fig. 3 and obtain the quark-level expres- 
sion (referred to as "l.h.s.") for the ir^pp coupling (directly from the momentum-space 
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calculations), 

- p"* ln(— p-^) 



+lal^ - lalml^ + P^,)+^^ mg[|(a^mrf + adm,) - im,a,] (10) 

2 

with = — (27r)^ < qq >, < qa ■ G >= —ml < qq > and 6 =< g^G^ >. Accordingly, we 
obtain, upon Borel transform, the following QCD sum rule for the ir^pp coupling: 

- Xa,M' - lifeM^ + lal + fal^ 
In ^[|(a„md + a^m^) - im„a„] ^^^^ 

_ ^L^_;^2g-;^ _|_ gxcited states + continuum, 

where M is the Borel mass and = (27r)^Ap. A similar expression can be obtained for 
the TT^nn coupling through the replacement u ^ d. It is of some interest to note that the 
contribution from Fig. 3(d-l) is canceled by that from Fig. 3(d-2), so that the induced 
susceptibility mg does not enter in the determination of strong vriViV coupling, an aspect 
already observed in |iy . 



For the vr+np coupling, we have, with a = (a^j + a^), 

- ^aM"^ - ^bM^ + |a„arf + |(arf - a„)ad - (m„ - md)ay,M^ 

In -^{a^mrf + a^m^ - ^mu{ad + a«)| + ^a^a^^ 

— (27r) AnApC "m^ + excited states + continuum. 



As a standard practice, we may improve the applicability of these QCD sum rules by (1) 
taking into account the anomalous dimension of each term (operator) and (2) invoking the 
continuum approximation in which contributions from excited states and the continuum 
are approximated by what we may obtain at the quark level above a certain threshold 



W^. Results from such improvements can be duplicated easily from Yang et al. fl^. In 
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this way, we obtain, for the ir^pp couphng M, ITO 



+mlL''^^/'^''\^m^au - \mdad + §mda„ + ^m^aj 
-=-^A.;,e M^, 



(13) 



and, for the TT^np couphng, 

+mg In ^ L-26/27{a^^^ + aaniu - ^m„(ad + a^)} + ^a„adL-2/27_i_ 
= ^(27r)4A„Ape-^. 

(14) 

Here = 1 - e"^, = 1 - (1 + x)e-^, and ^2 = 1 - (1 + a; + y)^'"" with x = W^/M^, 

and L = 0.621/n(10M). 

There are serveral sources for isospin symmetry breakings, viz.: 

At the hadronic level (r.h.s.), we have m„ ^ nip, A„ ^ Xp, and ^ Wp (with W'^ 

the threshold parameter in the continuum approximation for treating the excited states 

and the continuum). Apart from the well known neutron-proton mass difference, we use 

the parameters previously adopted by Yang et al. |ll4 |. 



At the quark level (l.h.s.), the isospin symmetry breakings caused by < dd >^< uu > 
and rriii ^ rriu have been made explicit in the formulae given above. Such effects have also 
been considered by other authors [l^. 

In addition, there is an effect due to the non-universal pion-quark couplings. Con- 
ceptually, we may start with a universal pion-quark coupling, such as in the effective 
chiral quark theory, but the vertex renormalizations due to electromagnetic interactions, 
as shown in Fig. 4 and also pointed out by Cao and Hwang |^, modify tt^uu, ir^dd, 
and TT^ud in a different manner. Here we have adopted the dimensional regularization 
scheme to work out such differences and conclude that the non-universal pion-quark cou- 
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plings so obtained could be a reasonably important source for isospin symmetry breaking. 
Specifically, we obtain the following expressions for the pion-quark couplings. 

giT + du ^ 9TT + du{'^ + -^{—% + \1e)}-, 

9n0uu ^ 97.0uu{^ + -tif - IIe)}, (15) 

gTvOdd — ^ QnOddi'^ + - Iie)}- 

Numerically, these expressions give rise to 2.18 x 10^'^ to the charge symmetry breaking 
term gT^Ouu — Q-K^dd and 4.2 x 10~^ for the charge dependent combination g-^Ouu — Q-K+du- 
To perform numerical analyses, we may introduce the following parameters: 



2 ' A ' 

- _ mp+rrtn ^ _ mn-mp 

2 ' fh 



9^0 



pp 



g^odd 



= K 



K{l+P2) 



QTT~ud 



9iT+du 

Moving the pion-quark coupling to the phenomenological side, we may write the r.h.s. as 
follows: 



7r°rm — > KX'^e'f^il + a - + pi] 
vr pn — > KX e M^(l + p2); 
TT np — > KX e ^^(l + ps). 



The various parameters which we adopt are a = —10 ^ |T^, e = 1.3 x 10 7 = —6.57 x 



10-3 |X|]^ = 0.546 GeV^ m„ = 5.1 MeK, = 8.9 MeV, b = 0.474 GeV^ ml 



0.8 GeV , p = 0.5 GeV, and xa = —S.lAGeV |11|. The working interval for analyzing 
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the QCD sum rules for the various ttNN couphngs is O.SGeV^ < < 1.5GeV^, a 
standard choice for analyzing the various QCD sum rules associated with the nucleon. 
In this way, we find 

9^0n„ _ 9n0pp 

0.58% (16) 



0.35% (17) 





9 TV^pp 

9n0dd 








\average 




^TT^pp 




a^rOdd _ 


9w0nn 


\average 



Combining with the difference in pion-quark couplings (from vertex renormalizations), 
we therefore conclude that gnOnn is numerically bigger than gj^^pp by 0.80%, while gT^+np is 
numerically greater than g^Opp by 0.15%. 

Numerically, we may arbitrarily set = m„, < dd >=< uu >, and A„ = Ap, except 
keeping physical values for m„ and nip. In this way, we find that | g-j^nn I is bigger than 
I g-Kpp I by 0.19 %. Analogously, we find that A„, ^ Xp (as found by Yang et al. []14| ) 
has a contribution of 0.20 %. ^ rriu and < dd >^< uu > combine to give another 
contribution of 0.20 %. Therefore, the overall contribution of 80 % in fact comes from 
several sources of comparable magnitudes (and of the same sign in the present case). 

It is of some interest to note that our prediction on | (7^o„„ | — | g-i^Opp \ (a positive value) 
differs in sign from the quark-model result [0, and also from a three-point correlation 
function approach [^. It is also of interest to note that the difference in pion-quark 
couplings represents a source of numerical importance on the charge symmetry breaking 
effect. 
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III. Low-Energy Nucleon-Nucleon Scattering 



The one-pion-exchange potential (OPEP) in nucleon-nucleon interactions can be obtained 
in the standard manner For example, we have, in the p — p case, 

where A is the cutoff at the short range which contributes negligibly to the isospin sym- 
metry breakings 0]. The OPEP in the n — n case may be obtained by simple substitution 
p ^ n. On the other hand, the n — p OPE potential is given by 

T/TT (^\ _ S^OnndTrOpp 1 2 £^^Vr£llVr 1 ( p-mn T _ p-Kr\ 

+ % {{r' ■ r 2 - rlrlY-^^fi^ (19) 



-■jv 



Here we have used 5 = (m„ — mp)/{mn + mp) and Mat = |(m„ + m^). The ^Sq phase 
shift 6o, as used to describe low-energy nucleon-nucleon scatterings, can be parametrized 
in the standard manner: 

kcot5o = -^ + ^k'^ro+'- - , (20) 



with a the scattering length and tq the effective range. Experimentally, we have |]16 

'^"CSB =1 ctpp I - I Ann 1= -(1-5 ± 0.5)/m; ^^^^ 

^'^CD =1 '^np I ~ I (^nn \= (5.0 ± 0.3) f 171. 

As already noted in 0, the differences in OPEP's, such as Vpp{r) — Ki„(r), may be treated 
as a perturbation, making it easy to compute (^OQgB or other low-energy isospin symmetry 
breaking observables. In this way, our prediction on the difference between gT^Onn and gj^Opp 
gives rise to about — 1.0 fm on ^ctQgB, consistent with the obervation both in sign and 
roughly in magnitude. 

As already known |1|, |^ for some time, the bulk of the charge-dependent effect as 
revealed by a (relatively) large value of Suqj^ can be understood quantitatively as caused 

10 



by the pion mass difference 7^ m^o while the differences as found in pion-nucleon 
couphngs give rise to relatively small contribution to 6aQj^. As a result, we may safely 



conclude that the observed ^^CSB ^'^CD summarized recently in |T^ can be 
understood, to a large extent, as manifestations of isospin asymmetries associated with 
the one-pion exchange potential. 



IV. Discussion and Summary 

The observed differences [|TB| in the ^Sq NN scatterings are by far the best known isospin 



symmetry breakings in which pion-nucleon couplings play a central role. There might 
be some isospin symmetry breakings in the ^5*0 effective ranges or in the ^Pj scattering 
lengths, but until now such effects have not been extracted experimentally. 

The last term in V^p{r) [in Eq. (17)], as induced by nip 7^ m„, gives rise to isospin 
mixings such as ^Pi—^Pi or ^D2—^D2 mixing, but only in a rather small way. On the other 
hand, charge-symmetry breakings observed in medium-energy elastic n —p scattering (at 
TRIUMF and lUCF) are dictated primarily by the charge symmetry breaking force as 
caused by the p — uj mixing or by g^pp 7^ gunn- However, the short-range nature in this 
case may require a careful investigation of the quark-interchange mechanisms as addressed 
in |T^, as it is difficult to reconcile the picture of exchanging, between two nucleons, a 
meson (p or uj) with a range of about 0.25 fermi, considerably smaller than the extent of 
a nucleon (with a radius of at least 0.5 fermi, even assuming a little bag picture for the 
nucleon) . 

In any event, the isospin symmetry breakings associated with the one-pion exchange 
potential (which is clearly on a very sound conceptual ground) can best be accessed 
through careful measurements of low-energy scattering parameters such as ^ctQgB, "^^^CD' 
etc. Such efforts should be further encouraged by the currently popular wisdom that the 
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low-energy sector of the nN are A^A^ systems can be described by the long-wave length 
limit of QCD via Goldstone theorem, yielding the so-called chiral perturbation theory, so 
that the low-energy scattering parameters seems to be more "fundamental" than those 
needed in, e.g., the description of medium-energy nucleon-nucleon scatterings. 

In summary, we have adopted the method of QCD sum rules in the presence of an 
external pion field to investigate isospin symmetry breakings in pion-nucleon couplings. 
Numerically, we find that | g-imn \ is bigger than | (^-n-pp I by 0.80% (and bigger than | g^^+np \ 
by 0.65%). This result accounts for the observed charge-symmtry breaking effect ^OQgg 
both in sign and (roughly) in magnitude. Contrary to many previous calculations in the 
literature, our result offers, for the first time, the possibility to understand both (^aQgB 
and SttQY) ^ quantitative manner (both in sign and in magnitude). 
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Figure Captions 

Fig. 1. Pictorial representation of the various terms in the quark propagator S^^^°'^{x). 

Fig. 2. Pictorial representation of the various terms in the quark propagator S^^^"'^{x). 

Fig. 3. The diagrams used to determine the QCD sum rule for gT^Opp. 

Fig. 4. The vertex rcnormalizations (including the self-energy contributions) leading 
to the non-universal pion-quark couplings, an important source for isospin symmetry 
breakings. 
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